Protection against encapsulated bacteria can be elicited using polysaccharide vaccines. These antigens often behave as T-cell-independent type 2 antigens (TI-2 Ags). However, TI-2 Ags, including pneumococcal polysaccharides, often elicit weak immunoglobulin G (IgG) responses and are refractive to boosting. Conjugate vaccines have not completely overcome this challenge and hence, alternative strategies are required to enhance polysaccharide vaccine responses. Herein, we describe an adjuvant consisting of a Toll-like receptor and C-type lectin receptor agonist pairing that significantly increases primary immunoglobulin M and IgG responses to TI-2 Ags as well as enables significant boosting when coadministered with polysaccharide vaccines. Consistent with this, the adjuvant significantly increased the generation of both TI-2 memory B cells and long-lived antibody secreting cells. Adjuvant effects were highly dependent on B-cell-intrinsic MyD88, but not Trif expression. Importantly, coadministration of the adjuvant with the Pneumovax vaccine significantly increased the protective efficacy of vaccination in a lethal challenge mouse model of pneumococcal respiratory infection. Collectively, these data provide evidence that B-cell-directed adjuvants have promise in significantly improving the quality and quantity of serologic and B-cell memory responses to clinically relevant polysaccharide vaccines.
Pneumococcal disease kills more people in the United States than all other vaccine-preventable diseases combined. Pneumococcal vaccines consist of Streptococcus pneumoniae-derived capsular polysaccharides (PPSs), which behave as T-cell-independent type 2 antigens (TI-2 Ags). One dose of Pneumovax 23, an adjuvant-free vaccine composed of PPS from 23 serotypes, provides protection against invasive pneumococcal disease in adults for ≤10 years, with an estimated efficacy of 60%-70% [1] . Achieving high levels of immunoglobulin G (IgG) against the 23 disease-causing serotypes is a major goal of vaccination, but this is not always achieved with 1 dose. Unfortunately, polysaccharide (Ps) Ags do not induce recall responses upon revaccination or even following infection [2] [3] [4] [5] . The inability to boost IgG responses to Ps Ags is therefore a major barrier to enhancing protective antibody (Ab) titers through revaccination.
The inability to boost Ps Ab responses is a problem that extends far beyond pneumococcal vaccines, as there is rapidly growing interest in utilizing carbohydrate Ags from viruses, bacteria, parasites, fungi, and tumors as vaccine Ags [6] . [3] ). In adults, PPS conjugate vaccines do not boost well and overall Ab responses are similar to those elicited to native PPSs [7, [8] [9] [10] . Conjugate vaccines can nonetheless impact protection. However, because conjugate vaccines are costly, difficult to synthesize, provide limited serotype coverage, and do not seem to generate better responses than native Ps in adults, alternatives are needed.
Conjugation of proteins to PPS enables boosting in young children (except perhaps with serotype 3 PPS [PPS3] conjugates
TI-2 Ags (PPS, meningococcal Ps, haptenated Ficoll, etc) generate a limited number of memory B cells [11] . Ag-specific IgG and perhaps other inhibitory pathways suppress the ability of these memory cells to participate in secondary responses. Although some TI Ags encountered on gram( -) bacteria induce plasmablast-like memory cells with the capacity for expansion and increased Ab output upon pathogen reexposure [12, 13] , this does not occur with native Ps. PPSs associated with live/killed pneumococci [14] , and even some PPS-protein conjugates, do not elicit PPS Ab boosting [3, 7, [8] [9] [10] . The lack of boosting to S. pneumoniae may be due to weak pattern recognition receptor agonists [15] [16] [17] and/or suppressive factors (pneumolysin is a Toll-like receptor [TLR] 4 agonist and cytotoxin).
Adjuvants for native Ps vaccines have not been used in the clinic. Adjuvants that (1) boost isotype switching and Ab production and (2) promote generation and activation of functional memory B cells that optimally differentiate into antibody-secreting cells (ASCs) after boosting are needed. Alum does not boost primary Ab responses to TI-2 Ags [18] and poorly boosts responses to PPS conjugates [19] . However, TLR agonists may hold promise as they overcome programmed cell death-1-mediated suppression of B cell receptor (BCR)-induced proliferation [20] , protect B cells from apoptosis [21] , and promote activation of several signaling pathways induced by BCR activation. Nonetheless, TLR4 (including monophosphoryl lipid A [MPL] ) and all other TLR1-9 agonists do not increase Ab responses when coadministered with PPS [22, 23] , but do so if given several days after PPS vaccination. Earlier work with Ribi adjuvant, consisting of Salmonella typhimurium MPL and Mycobacterium cord factor (trehalose dimycolate) in squalene elicited increased primary PPS-specific Ab responses in mice [24, 25] , but it is unsuitable for use in humans due to toxicity.
Given the above findings and the potential for CLR to synergize with TLR-induced signals [26] , we examined the effect of low-toxicity Salmonella minnesota MPL and synthetic cord factor analogue emulsified in squalene (MTS) on Ps-specific Ab responses. Remarkably, MTS significantly increased Ag-specific immunoglobulin M (IgM) and IgG levels in response to PPS and haptenated-Ficoll and enabled increased memory responses through a pathway dependent upon B-cell-intrinsic MyD88 signaling. Our data suggest that combining these or other TLR and CLR agonists may be ideal for promoting enhanced IgG levels in response to Ps Ags and, moreover, support increased functional memory formation and overcome mechanisms that inhibit recall responses to Ps-specific Ags.
METHODS

Mice
WT, MyD88 -/-, Trif -/-, muMT, and B1-8hi IgH knock-in mice on a C57BL/6 background (Jackson Laboratory) were bred in-house under specific pathogen free conditions. Mice were age-and sex-matched for studies. Studies were approved by the Wake Forest School of Medicine Animal Use Committee.
Immunizations, Enzyme-Linked Immunosorbent Assays, and EnzymeLinked Immunospot Assays
Mice were immunized with the equivalent of approximately 1 μg each PPS contained within Pneumovax (Merck), or 1 μg 4-hydroxy-3-nitrophenyl acetyl (NP) 40 -Ficoll or 1-25 μg 2,4,6-trinitrophenyl (TNP) 65 -Ficoll [20] . Adjuvant containing 20 μg S. minnesota MPL, 20 μg synthetic cord factor (trehalose-6,6'-dicorynomycolate [TDCM] or trehalose-6,6-dibehenate) in 1% squalene/0.1% Tween-80 (for intraperitoneal administration) or 2% squalene/0.2% Tween-80 (for intramuscular administration) was mixed with Ags prior to injections (Sigma and Invivogen). A final volume of 200 μL was used for intraperitoneal injections and 50 μL for gastrocnemius muscle (hind leg) injections. Boosting was performed in the same muscle. Enzyme-linked immunosorbent assays and enzyme-linked immunospot assays were as previously described [20, 27, 28] . Additional information can be found in the Supplementary Materials and Methods.
B-Cell Phenotyping
Single-cell suspensions (2 × 10 7 /mL) in phosphate-buffered saline containing 2% newborn calf serum were incubated with FcBlock (eBioscience) for 15 minutes, followed by staining with fluorochrome-conjugated Abs: CD19 (1D3), CD138 (281-2), (eBioscience), CD11b (M1/70), CD45.1 (BioLegend), pooled antimouse IgG1, IgG2b, and IgG3 (Southern Biotech), and NP-allophycocyanin (APC), for 30 minutes at room temperature. Fluorochrome-labeled isotype controls were used to determine background staining levels. Cells were analyzed using a FACSCantoII cytometer (BD Biosciences) with forward side scatter-area (FSC-A) and forward side scatter-height (FSC-H) doublet exclusion. Data were analyzed using FlowJo analysis software (Tree Star).
Adoptive Transfer Experiments
CD45.1 + splenic B cells were purified from B1-8hi IgH mice using CD43 bead depletion (Dynal). B cells were transferred intravenously into CD45.2 + mice (1 × 10 7 /mouse) with mice immunized intramuscularly (1 μg NP-Ficoll) the next day. NP-specific CD45.1 + CD19 + B cells were analyzed by flow cytometry as described above.
Radiation Chimera
Wild-type (WT) mice were lethally irradiated (950 rad) and reconstituted intravenously with bone marrow (BM) from IgMmutant (muMT) mice mixed with WT or MyD88 -/-marrow (90:10 ratio; 1 × 10 7 BM cells) [29] . Sulfamethoxazole (40 mg/ mL) and trimethoprim (8 mg/mL) were supplied in drinking water 1 week prior to and 2 weeks following irradiation. Mice were rested for 4 weeks prior to immunization.
Streptococcus pneumoniae Respiratory Challenge
Mice were infected intranasally with serotype 3 WU2 strain S. pneumoniae by distributing 40 μL bacteria (1 × 10 7 colony-forming units) between 2 nares of isoflurane-anesthetized mice [28] . Mice were monitored daily for signs of distress and humanely killed.
Statistical Analyses
Data are shown as mean ± standard error of the mean. Differences between sample means were assessed using Student t test. Differences in Kaplan-Meier survival were assessed using the log-rank test.
RESULTS
An Adjuvant Composed of MPL and Cord Factor Analogue in Squalene Increases Primary PPS-Specific IgM and IgG Responses and Enables
Recall Responses
Serotype 3 S. pneumoniae remains an important cause of invasive pneumococcal disease and the PPS3 protein conjugate has performed poorly relative to other PPS conjugates [3, 30, 31] , suggesting alternative vaccine strategies may be necessary for some Ps-based vaccines. As shown in Figure 1A , mice immunized with Pneumovax (intraperitoneal) mixed with an adjuvant consisting of MPL (a TLR4 agonist) and synthetic cord factor (TDCM; MCL/Mincle agonist) in 1% squalene (referred to as "MTS") generated significantly higher primary PPS3-specific IgM and IgG levels compared to mice immunized with Pneumovax alone. Remarkably, these mice also showed significant PPS3-specific IgM and IgG boosting over primary levels (2.5-fold), similar to the increase observed when alum is used with haptenated proteins [32] . MTS significantly increased PPS3-specific IgG2b, IgG2c, and IgG3 levels, with IgG3 remaining the major isotype produced (Supplementary Figure 1) . MTS also significantly increased total Pneumovax-specific Ab levels ( Figure 1B) . Notably, coadministration of MTS-adjuvanted PPS3 to mice that had only received PPS3 during the primary immunization enabled significant IgM, but not IgG, boosting (Supplementary Figure 2) . These data suggest that MTS supports generation and activation of PPS-specific memory B cells. MTS effects on PPS3-specific IgM and IgG levels persisted at least 6 months, with IgM and IgG levels remaining significantly increased (5-to 25-fold) over mice that had been immunized without adjuvant ( Figure 1C ). Consistent with this, splenic and bone marrow PPS3-specific IgM and IgG ASCs were significantly increased in MTS-treated mice ( Figure 1D ). MTS-adjuvanted Pneumovax delivered imtramuscularly also significantly increased PPS3-specific IgM and IgG primary responses and promoted significant boosting, with IgM and IgG levels reaching 4-fold over that for mice immunized with Pneumovax alone (Figure 2 ). PPS3-specific IgM and IgG responses in mice immunized with Pneumovax mixed with 2% squalene were not significantly different from those obtained with Pneumovax alone. Thus, MTS significantly augments long-term IgM and IgG responses to PPS and enables recall responses, regardless of immunization route.
MTS Significantly Increases IgM and IgG Responses to Haptenated Ficoll
MTS also significantly increased IgM and IgG production (4-to 5-fold) in response to TNP-Ficoll ( Figure 3A ) and NP-Ficoll ( Figure 3B ). In contrast to the significant boosting observed with PPS + MTS (Figures 1 and 2 ), MTS promoted moderate boosting to haptenated Ficoll. This difference may be due to the significantly higher levels of IgG (and ratio of IgG to IgM) produced following primary immunization relative to that produced in response to PPS3, as TI-2 Ag-specific IgG can suppress secondary TI-2 Ab responses [11] . We therefore examined whether priming with 1 μg TNP-Ficoll in the presence of adjuvant would support boosting in response to high-dose (25 μg) TNP-Ficoll. Low-dose priming without adjuvant had no effect on the antibody response to 25 μg TNP-Ficoll ( Figure 3C ). However, mice primed with 1 μg TNP-Ficoll in the presence of adjuvant generated significantly increased IgG responses to TNP-Ficoll + MTS relative to mice administered 25 μg TNPFicoll + MTS for the first time. IgM levels were also increased, but not beyond that which was observed prior to immunization. Collectively, these data support that MTS significantly enhances primary and secondary IgM and IgG responses to clinically relevant (PPS) as well as model (haptenated Ficoll) TI-2 Ags.
MTS Significantly Increases IgM and IgG ASCs and Memory B-Cell Formation
Three months postimmunization, NP-specific IgM and IgG ASCs were significantly increased in both bone marrow and spleen in mice immunized with NP-Ficoll + MTS relative to mice that received NP-Ficoll alone ( Figure 4A ). Thus, MTS significantly increases long-lived splenic and bone marrow ASCs generated in response to NP-Ficoll, similar to that which was observed for PPS3 ( Figure 1D ). Because MTS enabled significant IgG boosting, we assessed the extent to which MTS increased TI-2 memory B-cell formation. It is difficult to assess PPS3-specific memory B cells, so we took advantage of V H B1-8 transgenic (Tg) mice in which approximately 10% of B cells are specific for NP. CD45.1 + V H B1-8 Tg B cells were transferred into CD45.2 + C57BL/6 mice. MTS significantly increased NP-specific Tg IgG + B cells in spleen, draining (inguinal) lymph node, and peritoneal cavity 3 weeks postimmunization ( Figure 4B ). These increases were largely due to an increase -dibehenate in 2% squalene oil (SQ), or with 2% SQ (n = 5-6 mice/group). All mice were boosted on day 30. Enzyme-linked immunosorbent assays were performed to detect PPS3-specific serum immunoglobulin M (IgM) and immunoglobulin G (IgG). *Significant differences between MTS group and PPS-only group. #Significant differences between MTS group and SQ group (P < .05). Results are representative of 3 independent experiments.
in NP-specific IgG + CD138 -(memory B cells), as opposed to NP-specific IgG + CD138 + plasmablasts, which were only significantly increased in lymph nodes of MTS-treated mice at this time point. NP-specific IgG + CD138 -memory B cells were increased approximately 2-fold in spleen, and approximately 20-fold in lymph node and peritoneal cavity ( Figure 4B ). Remarkably, IgG-secreting plasmablasts were also selectively increased (>20-fold) in inguinal lymph nodes of MTS-treated mice, suggesting an additional, and yet unexpected, source of increased NP-specific serum IgG in adjuvant-treated mice.
Notably, flow cytometric analysis could not account for MTS effects on increasing CD138 + plasma cells, which no longer bind NP, but are significantly increased by MTS ( Figures 1C  and 4A ). received memory cells from mice that were immunized without adjuvant (Supplementary Figure 3) . However, transfer of memory cells into mice that were previously immunized exhibited significantly lower IgG responses, suggesting that MTS-elicited memory cells were suppressed in the immune environment. Thus, MTS significantly increases the generation of functional IgG + class-switched memory B cells in response to haptenated Ficoll.
MTS Adjuvant Effects Require MyD88
MPL signals through TLR4/MD2, which utilizes MyD88 and/or Trif as signaling intermediates [33] . Cord factor analogues signal through Mincle/MCL and also have the potential to activate MyD88 signaling due to strong induction of interleukin (IL) 1, which signals through an IL-1R/MyD88-dependent pathway [34] . Squalene also activates MyD88-dependent signals [35] . Given this, we assessed the extent to which MyD88 was required for MTS adjuvant effects. MyD88 -/-mice had reduced PPS3-specific IgM and IgG responses (2-to 4-fold) relative to WT mice immunized with Pneumovax alone ( Figure 5A ). However, in contrast to WT mice, MTS had an insignificant effect on increasing IgM or IgG responses in MyD88 -/-mice, although some moderate increases in IgM were observed in the secondary response ( Figure 5A ). Thus, MyD88 is required for MTS-induced adjuvant effects on PPS-specific Ab responses. Trif -/-mice had lower PPS3-specific IgG responses to Pneumovax alone relative to WT mice. However, MTS significantly increased PPS3-specific IgM responses in Trif -/-mice and also significantly increased IgG responses over that of Trif -/-mice immunized with Pneumovax alone, albeit not to the same degree as WT mice ( Figure 5B ). Thus, Trif is not essential for MTS-induced increases in PPS-specific Ab responses, but is nonetheless required for optimal Ab responses to both nonadjuvanted and MTS-adjuvanted Pneumovax.
MyD88 -/-mice generated normal, if not augmented IgM and IgG responses to NP-Ficoll, indicating a distinct requirement for MyD88 in promoting Ab responses to PPS, but not haptenated Ficoll ( Figure 5C ). However, MTS did not significantly increase these NP-specific IgM or IgG responses in MyD88 -/-mice as observed in WT mice. In contrast to results with MyD88 -/-mice, NP-specific IgM and IgG responses were significantly increased by MTS coadministration in Trif -/-mice ( Figure 5D ) with approximate 2-to 4-fold increases, similar to WT mice. Thus, MTS adjuvant effects on TI-2 Ags (PPS and haptenated Ficoll) are highly dependent upon MyD88, whereas Trif signaling is dispensable.
B-Cell-Intrinsic MyD88 Expression Is Required for MTS Adjuvant Effects on TI-2 Ab Responses
We next assessed whether MyD88 expression by B cells was required for MTS-induced adjuvant effects. To do this, we transferred V H B1-8Tg MyD88-sufficient B cells into WT and MyD88 -/-mice. MyD88 -/-recipient mice produced NP-specific IgM and IgG responses that were similar to or increased over responses of WT recipient mice ( Figure 6A ). Coadministration of MTS with NP-Ficoll significantly increased NP-specific IgM and IgG responses in both MyD88 -/-and WT recipients, suggesting that B-cell-expressed MyD88 was needed for MTS responsiveness. Consistent with these results, MTS significantly increased IgM (2-fold) and IgG (5-fold) responses to NP-Ficoll in bone marrow chimeras reconstituted with WT B cells, but not in chimeras selectively lacking MyD88 in B cells ( Figure 6B ). Thus, B-cell-expressed MyD88 is required for MTS adjuvant effects on TI-2 Ab responses.
MTS Significantly Augments the Protective Efficacy of Pneumovax Against Respiratory Pneumococcal Infection
In humans, Pneumovax has approximately 65% efficacy against invasive pneumococcal disease [1] . Similarly, Pneumovax immunization has approximately 50%-60% efficacy in protecting normal C57BL/6 mice against lethal respiratory challenge with serotype 3 S. pneumoniae, strain WU2 [28] . We therefore assessed whether MTS-induced increases in PPS3-specific IgM and IgG influenced protection against respiratory infection with a lethal respiratory dose of WU2. Remarkably, immunization with MTS-adjuvanted Pneumovax yielded nearly 90% protection against lethal pneumococcal challenge ( Figure 7 ). This level of protection was significantly higher than that observed for WT immunized with Pneumovax alone (50%). Mice that received MTS only were not protected (Supplementary Figure 4) . Thus, MTS significantly increases the protective efficacy of Pneumovax against pneumococcal respiratory infection.
DISCUSSION
Native polysaccharide vaccines have made a tremendous impact on global health. Nonetheless, polysaccharide vaccines elicit a limited amount of IgG, and boosting (ie, revaccinating) does not increase titers and, in some cases, reduces titers [2, 36] . This poses a problem, as it is not always possible to achieve optimal levels of protective serological titers with one vaccination. Interestingly, the conjugate vaccine enables boosting in children, but does so poorly in adults [8] [9] [10] . Thus, alternative strategies for improving native polysaccharide vaccines are needed. Our current study highlights an adjuvant that significantly increases protective serologic responses to polysaccharides, as well as significantly increases IgG + memory B-cell formation and recall responses. To our knowledge this is the first study identifying an adjuvant that significantly increases IgG + memory B-cell formation in response to TI-2 Ags and promotes boosting following secondary immunization. Our findings have implications for understanding the regulation of TI-2 memory B-cell formation and secondary responsiveness to Ags, both of which are essential to improving vaccine efficacy. A, Wild-type (WT) and MyD88 -/-mice were immunized with Pneumovax (~1 μg each PPS) alone or mixed with MTS intramuscular (IM) (n = 3-5 mice/group). Mice were boosted on day 30. *Significant differences between WT groups (P < .05). B, WT and Trif -/-mice were immunized with Pneumovax (~1 μg each PPS) alone or mixed with MTS IM (n = 5-6 mice/group). Mice were boosted on day 30. *Significant differences between WT groups. # Significant differences between Trif -/-groups (P < .05). C and D, WT and MyD88 -/-(C) or Trif -/-(D) mice were immunized with 1 μg NP-Ficoll alone or mixed with MTS IM. Mice were boosted on day 30. *Significant differences between WT groups (P < .05) or between Trif -/-groups (P < .05).
The lack of development of adjuvants suitable for polysaccharide vaccines may in part relate to the historical reliance on aluminum adjuvants for the use in human vaccines. Aluminumbased adjuvants do not enhance polysaccharide-specific Ab responses [18] and have a limited effect on responses to conjugate vaccines [10, 19, 37, 38] . Notably, clinical trials using recombinant IL-12, granulocyte-monocyte-colony stimulating factor, QS-21, indomethacin, Abatacept, and CpG have each failed to significantly promote IgG levels to native pneumococcal polysaccharides [38] . Pérez-Toledo et al have shown that primary Ab responses to Vi capsular polysaccharide in mice can be enhanced by purified Salmonella Typhi porin proteins [39] . Interestingly, other mouse studies have shown that TLR agonists alone only significantly increase primary Ab responses to PPS if they are administered several days following immunization [22, 23] . Although delayed adjuvant administration is not a practical vaccine strategy, these studies highlight the promise of using TLR agonists to provide Ps-activated B cells with an effective second stimulatory signal. That MPL delivered in conjunction with synthetic cord factor and squalene at the time of Ps On day 60, mice were challenged with a lethal intranasal dose (1 × 10 7 ) of WU2 (serotype 3 Streptococcus pneumoniae) and monitored for morbidity requiring humane euthanasia (results of 3 pooled experiments, with n = 25 mice immunized with Pneumovax; 17 mice immunized with Pneumovax + MTS; log-rank analysis P = .017).
immunization elicits significant adjuvant effects on Ps-specific humoral immunity, including memory formation, suggests the possibility that this combination may either prolong and/or intensify TLR-based costimulatory signaling [26, 40] . Our data reveal the adjuvant's mechanism of action is largely dependent on B-cell-dependent MyD88 signaling. This is in contrast to findings for T-cell-dependent responses (TNP-KLH), whereby an MPL/TDCM-containing adjuvant functioned via a Myd88-independent pathway [41] . MTS adjuvant effects were dependent on TLR4 expression (Supplementary Figure 5) ; thus, it is likely that B cells must express this MyD88-signaling dependent receptor for the adjuvant to have efficacy in the context of polysaccharide-specific Ab responses. Nonetheless, additional pathways could be involved [42] . Transmembrane Activator and CAML Interactor (TACI) directly interacts with MyD88 after B-cell activating factor ligation to activate NF-κB, and coengagement of TACI and TLR promotes class-switch recombination [42] . It remains possible that IL-1R/IL-18R-dependent signaling contributes to the MyD88 dependency of this response, as IL-1 is elicited by Mincle signaling [34] and is known to support TI-2 Ab production [43] . Importantly, this particular adjuvant combination may not be ideal for humans given the low TLR4 expression by human B cells [44] . Future studies will identify the role(s) of Mincle and MCL and address the suitability of this or similar adjuvants for use in humans.
TLR and BCR signaling activates NF-kβ through distinct pathways and thus MyD88-dependent signaling may synergize with TI-2 Ag-induced BCR cross-linking to support proliferation, isotype switching, survival, and differentiation to both memory B cells and long-lived ASCs [45] , especially in B-1 and MZ B cells [46] , which typically contribute to TI-2 responses. Of note, it is presently unclear how the MTS adjuvant influences distinct B-cell subsets. Although previous work indicated a TLR3 agonist (poly:IC) promoted follicular B-cell responses to haptenated Ficoll via a type I interferon (IFN)-dependent mechanism [47] , IFNAR -/-mice respond optimally to MTS adjuvant (unpublished observations), suggesting a distinct mechanism is involved. MyD88-dependent signals may also impact migration of B-1 and MZ B cells [48] . It is interesting that MTS induced striking increases in IgG + memory B cells and IgG-secreting cells within the lymph nodes following intramuscular immunization. As this is not a typical site of innate-like B-cell localization or TI-2 Ab secretion, it suggests MTS either promotes altered trafficking and localization of Ag-activated MZ/B1b B cells and/or participation of follicular B cells in the TI-2 Ab response.
Our study reveals that pathogen associated molecular patterns (PAMPS) have the capacity to significantly increase the formation of IgG + TI-2 memory B cells and support functional boosting with polysaccharides. In addition to promoting IgG boosting to PPS, MTS supported boosting of IgG responses to haptenated Ficoll when low-dose priming was used. The enhanced generation of functional IgG + memory B cells by MTS was also evidenced by increased IgG production by the MTS-elicited memory B-cell pool upon Ag restimulation in naive recipients. Given these findings, it is evident that despite increased memory B-cell generation, there is still suppression that must be overcome in the memory environment to effectively boost TI-2 Ab responses. Notably, Ag-specific Ab-mediated inhibition of recall responses (to haptenated-Ficoll) is supported by early work [49] . A more recent study demonstrated IgM responses to NP-Ficoll boosted in AID -/-mice (IgG deficient), except when a high dose of NP-specific IgG1 was given during boosting [11] , supporting that Ag-specific IgG1 suppresses IgM memory responses to haptenated Ficoll. The mechanism by which IgG elicits suppression to TI-2 Ags is unknown but is suggested to be independent of the inhibitory FcγIIb receptor [11] and Ag masking [11, 50] .
That MTS supported boosting of PPS responses more effectively than haptenated Ficoll may be due to the increased level of IgG elicited by haptenated Ficoll relative to the level of IgM produced or other differences that exist between these Ags that we do not yet understand. Future work is required to determine this. In conclusion, in our murine model, MTS demonstrates promise as a polysaccharide-specific vaccine adjuvant through mechanisms involving increased and direct (MyD88-dependent) B-cell activation, increased IgG + memory B-cell formation, and significant boosting by either relieving suppression and/or promoting activation of capsular Ps-specific memory B cells. Future work will assess the suitability of this and similar adjuvant combinations to boost functional polysaccharide-specific B-cell memory responses in humans.
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